Despite high expression levels at the plasma membrane or in intracellular vesicles, tetraspanins remain among the most mysterious transmembrane molecules 20 years after their discovery. Several genetic studies in mammals and invertebrates have demonstrated key physiological roles for some of these tetraspanins, in particular in the immune response, sperm-egg fusion, photoreceptor function and the normal function of certain epithelia. Other studies have highlighted their ability to modulate cell migration and metastasis formation. Their role in the propagation of infectious agents has drawn recent attention, with evidence for HIV budding in tetraspanin-enriched plasma membrane domains. Infection of hepatocytic cells by two major pathogens, the hepatitis C virus and the malaria parasite, also requires the tetraspanin CD81. The function of tetraspanins is thought to be linked to their ability to associate with one another and a wealth of other integral proteins, thereby building up an interacting network or 'tetraspanin web'. On the basis of the biochemical dissection of the tetraspanin web and recent analysis of the dynamics of some of its constituents, we propose that tetraspanins tightly regulate transient interactions between a variety of molecules and as such favour the efficient assembly of specialized structures upon proper stimulation.
INTRODUCTION
Tetraspanins comprise a family of integral proteins found in all metazoans [1] of which 33 have been identified in humans and mice ( Figure 1 ). Although other insects have only ∼ 15 tetraspanin genes, Drosophila melanogaster has 36, half of which are found in a specific cluster of tetraspanins on chromosome 2 [1] [2] [3] . Several tetraspanins have been identified in helminths, 20 in Caenorhabditis elegans and at least 25 in the human parasite Schistosoma [1] , some of which are potential vaccine antigens for use in the prevention of schistosomiasis [4] . Whereas unicellular fungi such as Saccharomyces cerevisiae or Schizosaccharomyces pombe do not express tetraspanins, multicellular fungi do. In particular, a tetraspanin called Pls1 is essential for the infection of rice leaves by the pathogenic fungus Magnaporthe grisea, whereas its orthologue plays a key role during ascospore germination in Podospora anserina [5] [6] [7] . The protozoan parasite Entamoeba histolytica expresses at least six tetraspanins; however, none has been identified in two other protozoans, Leishmania major and Plasmodium falciparum, the latter being responsible for malaria [1] . Finally, plants also express tetraspanin-like proteins, one of which plays a key role in the normal development of Arabidopsis thaliana [8, 9] .
Only a limited number of these molecules have so far been studied in mammals, partly because of the lack of antibodies; however, a large subset of these seem to be expressed in all cell types. Several tetraspanins such as CD9, CD81 and CD151 have a large, although not ubiquitous, cell and tissue distribution. Others have a more restricted pattern of expression. This is particularly the case for tetraspanins belonging to specialized structures, such as the uroplakins UPIa and UPIb constituting the asymmetric unit membranes of the urothelium [10] , and the proteins peripherin/RDS and Rom-1 found in the rim of the photoreceptor outer segment disc [11] . CD53 is expressed almost exclusively by leucocytes, and CD37 is expressed by lymphoid T-and B-cells.
Predominantly localized in the endosome/lysosome compartments, CD63 is unique among the well-described tetraspanins in terms of its cellular distribution. Whereas the localization of other tetraspanins studied so far seems to be principally at the cell surface, some are also present in these CD63-positive structures [12] . In macrophages, tetraspanins such as CD9, CD53 and CD81 are present in CD63-negative intracellular plasma membrane domains [13] . Finally, tetraspanins are enriched in exosomes, extracellular vesicles formed in multivesicular bodies, and released upon fusion of these vesicles with the plasma membrane [14] .
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Figure 1 Relative distance of the different human tetraspanins
The sequences of the 33 human tetraspanins were aligned, and a phylogram was generated using the ClustalW program. The number of cysteine residues within the LED is indicated on the right for those tetraspanins that do not have six cysteine residues.
STRUCTURE OF TETRASPANINS
Of the proteins with four TMs (transmembrane domains), tetraspanins can be distinguished by their fairly small size, ranging from 204 (Tspan-13/NET-6) to 355 (Tspan-10/oculospanin) amino acids, and two extracellular domains of unequal sizes ( Figure 2 ) [12, [15] [16] [17] . The first and smaller domain consists of less than 30 amino acids in the human proteins, whereas the LED (large extracellular domain) contains 76-131 amino acids and protrudes just a few nanometres from the membrane (3.5 nm for CD81, 5 nm for UPIa and UPIb [18, 19] ). By comparison, the ectodomain of CD2, a molecule with two Ig domains, is 7 nm [20] . The N-and C-terminal tails are cytoplasmic and generally contain less than 20 residues. Tetraspanins can be subjected to two major post-translational modifications, with most (one notable exception being CD81) containing potential N-glycosylation sites (for a review, see [12] ) and all those studied so far undergoing palmitoylation [21] [22] [23] [24] [25] [26] . This latter process typically involves the covalent attachment of palmitate to cysteine residues located near the interface between the membrane and the cytosol. Tetraspanins have several of such cysteine residues, including six in CD9, CD81 and CD151, and five in CD82, with most, if not all, of them being sites of palmitate attachment [21] [22] [23] [24] . In addition, several tetraspanins were very recently shown to undergo ubiquitination [27, 28] . The crystal structure of the CD81 LED has been solved [18] . Two antiparallel α-helices (A and E) in the continuity of TM3 and TM4 form the stalk of the domain (Figure 2 ). The A helix is connected via a short loop with a third helix referred to as the B helix. Molecular modelling indicates that these three helices, although not conserved at the amino acid level, form a structure that is common to all tetraspanins [29] . In CD81, two additional The transmembrane regions are in blue, the small extracellular domain is in red, the structurally conserved domain of the LED is in green, and the variable region of this domain in deep pink. The disulfide bridges of the LED are in yellow, and the intracellular cysteine residues that are probable sites of palmitate attachment are indicated by red asterisks. The variable region of the LED contains two (including for CD81 as shown here), three or four segments separated by cysteine residues. The different transmembrane regions are indicated (TM1-TM4) as well as the different subdomains of the LED (A-E).
helices (C and D) inserted into the stalk, together with the B helix, form the head subdomain of the LED. This C and D region, found also in other tetraspanins, is not structurally conserved and is therefore referred to as the variable subdomain of the LED [29] . Several conserved cysteine residues, including a CCG motif located after the B helix (a hallmark of tetraspanins) and other residues between the C and D helices and at the beginning of the E helix, contribute towards maintaining the LED structure. Whereas most tetraspanins have six cysteine residues in the LED (and an additional region inserted between C and D), CD81, CD9, CD53, Tspan-2 and Tspan-32 have only four and others have eight (see Figure 1 ). The retinal protein peripherin/RDS and Rom-1 have a seventh cysteine residue responsible for the formation of higherorder polymers [11] . The variable domain containing the C and D helices lies opposite a hydrophobic patch present in several tetraspanins which could be involved in the packing of a β-strand present in the small extracellular loop [19, 30] .
The majority of the conserved residues are located in the TMs. Modelling of these domains suggests that they are left-handed coiled coils and that many of the conserved residues are involved in the packing of the helical bundles, allowing either typical 'knob in the hole' interactions (for small and large hydrophobic residues) or hydrogen-bonding (for polar residues) [30, 31] .
TETRASPANINS AS RECEPTORS
Until recently, no physiological ligands had been identified for tetraspanins. Now however, PSG (pregnancy-specific glycoprotein) 17, a ligand of CD9, has been characterized. This molecule belongs to the CEA (carcinoembryonic antigen) subfamily of the immunoglobulin superfamily. Binding of the mouse molecule to macrophages, as well as its consequential ability to induce the production of anti-inflammatory cytokines, requires CD9 [32] . A direct interaction between PSG17 and CD9, requiring the LED residue Phe 174 in the D region of CD9, has been demonstrated using recombinant proteins [33] . PSG17 is produced exclusively by the placenta, and its presence in the circulation of pregnant women may play a role in the generation of an immune environment compatible with successful pregnancy [34] .
CD9 may also be a receptor for the pro-inflammatory cytokine IL (interleukin)-16. Indeed, antisense CD9 oligonucleotides were shown to strongly decrease and anti-CD9 mAb (monoclonal antibody) block the binding of this cytokine to a human mast cell line. Conversely, expression of CD9 in CHO (Chinese-hamster ovary) cells induces IL-16 binding and responsiveness in terms of calcium mobilization [35] .
TIMPs (tissue inhibitors of metalloproteinases) regulate the dynamic processes of extracellular matrix turnover and remodelling, as well as the activities of growth factors and their cell-surface receptors, in part via the inhibition of MMPs (matrix metalloproteinases). Metalloproteinase-independent effects of TIMPs have also been reported [36] . Screening of a human placental library using the yeast two-hybrid system and fulllength TIMP-1 cDNA as bait revealed CD63 as a binding partner. Immunoprecipitation assays confirmed this interaction (whether TIMP-1 was ectopically expressed in cells or added exogenously), whereas no interaction was detected between CD63 and TIMP-2. Knockdown of CD63 strongly reduced the binding of TIMP-1 to cells and prevented some TIMP-1-mediated effects such as the activation of ERK (extracellular-signal-regulated kinase) and protection from apoptosis [37] . In addition, using a similar approach, Shiomi et al. [38] found that CD151 could bind to pro-MMP-7.
Another example of a potential tetraspanin ligand is DARC (Duffy antigen receptor for chemokines), identified as a CD82-binding molecule after screening a human normal prostate library using the yeast two-hybrid system and the full-length CD82 cDNA as bait [39] . Expressed by endothelial cells and erythrocytes, this seven-transmembrane protein plays a role in the clearance of chemokines following binding without triggering signal transduction. We will see below how DARC may be involved together with CD82 in the suppression of metastasis.
It should be kept in mind that the definitive demonstration of a protein as a ligand for a tetraspanin is difficult. In this regard, the CD9/HB-EGF (heparin-binding epidermal growth factor-like growth factor) story provides a good example. Indeed, an anti-CD9 mAb was initially screened on its ability to block the binding of diphtheria toxin to cells and CD9 was subsequently found to increase toxin binding and cell sensitivity. However, it turned out that the toxin receptor was, in fact, the membrane-anchored precursor of HB-EGF that associates with CD9 (see [40] and references within). This interaction is only one of the multiple interactions in which tetraspanins engage.
THE TETRASPANIN WEB: A DYNAMIC NETWORK OF INTERACTIONS
The origin of the tetraspanin web concept
The ability of tetraspanins to interact with one another and with a multitude of other transmembrane proteins was demonstrated in the mid-1990s. This unique property is best appreciated after labelling of surface proteins and immunoprecipitation of tetraspanins after lysis in appropriate detergents. Unlike many other immunoprecipitates, those of tetraspanins contain numerous surface-labelled proteins. Remarkably, for a particular cell type and under defined lysis conditions, the patterns of proteins co-immunoprecipitated with the different tetraspanins are identical [41] [42] [43] . Western blot experiments have confirmed that tetraspanins co-immunoprecipitate the same proteins with, however, different co-immunoprecipitation efficiencies, and have shown that all tetraspanins tested associate with one another [41] [42] [43] . On the basis of these data, it was proposed that tetraspanins organize a network of molecular interactions at the cell surface, thus coining the term 'tetraspanin web' [41] The list of tetraspanin-associated proteins has grown over the years, especially through the proteomic analysis of tetraspanin-containing complexes [44] [45] [46] [47] [48] [49] . Schematically, the proteins associating with tetraspanins can be classified (while not exclusively) into several major groups: integrins and other adhesion molecules [EpCAM (epithelial cell adhesion molecule), VCAM-1 (vascular cell adhesion molecule 1), ICAM-1 (intercellular cell adhesion molecular 1), etc.], proteins with Ig domains (CD9P-1/EWI-F, EWI-2, etc.) and ectoenzymes (including ectopeptidases and metalloproteinases), as well as intracellular signalling molecules such as heterotrimeric G-proteins, PI4K (phosphoinositide 4-kinase) and activated PKC (protein kinase C) [12, 16, 17, 47, 48] .
Several levels of interaction in the tetraspanin web
The tetraspanin web can be viewed as one or several molecular jigsaw puzzles at the cell surface. Co-immunoprecipitation assays help to identify which pieces are involved, but provide no clue as to the number in each puzzle or the way in which each is assembled. This could be explained by the existence at the cell surface of a multitude of small and diverse complexes, or of bigger less varied structures. The size and the stoichiometry of the complexes remain unclear. Pre-clearing experiments have revealed that at least three tetraspanins could exist in one single complex [41, 43] , and gel filtration has indicated that most of the CD9-and CD81-containing complexes conserved after Brij 96 lysis are much smaller than 4 × 10 6 Da [50] . The comparison of tetraspanin immunoprecipitates after cell lysis using different detergents has helped to unravel the organization of the tetraspanin web. Indeed, certain detergents maintain the interactions of some tetraspanins with specific nontetraspanin proteins, while dissociating tetraspanin-tetraspanin interactions. We define as 'partner proteins' those that remain associated with a given tetraspanin under conditions disrupting the tetraspanin-tetraspanin interactions. Several cross-linking experiments have indicated this as a level of direct interaction [45, 46, [51] [52] [53] [54] . A list of established and potential partner proteins is provided in Table 1 . The interaction of at least four tetraspaninpartner pairs (CD151-integrin α3β1; CD81-CD19; UPs) occurs early in biosynthesis, probably before these molecules leave the endoplasmic reticulum [55] [56] [57] [58] .
Interactions occurring between partners of a given tetraspanin and other tetraspanins detectable only under lysis conditions preserving tetraspanin-tetraspanin interactions are most likely to be indirect and secondary to the tetraspanin-tetraspanin interactions [59] . Several pieces of evidence are in favour of this hypothesis. First, integrin α3β1 transfected into a CD151-negative cell line only interacts with endogenously expressed tetraspanins when CD151 is also expressed [21] . Secondly, in CHO cells, a complex containing CD82 and CD9P-1 can only be observed when CD9, but not CD151, is co-transfected [21] . Thirdly, the expression of a CD151 mutant lacking all palmitoylation sites and defective for the interaction with other tetraspanins reduces the interaction of integrin α3β1 with other tetraspanins [24] . Finally, the interaction of integrin α3β1 with other tetraspanins is strongly reduced by the silencing of CD151 [60] [61] [62] and is not detectable in endothelial cells obtained from CD151
−/− mice [63] . The tetraspanin-partner pair model for the organization of the tetraspanin web is supported by the study of the urothelium, a stratified squamous epithelium covering much of the urinary tract. The urothelial apical surface is almost completely covered by hexagonally packed 16-nm UP particles, forming twodimensional crystals also known as 'urothelial plaques'. Each 16-nm particle can be resolved into six dumbbell-shaped subunits, each consisting of an inner and an outer subdomain [19] . Highly purified urothelial plaques contain two tetraspanins, UPIa and UPIb, interacting respectively with the non-tetraspanin proteins UPII and UPIIIa. Available data suggest that the resulting UPIa-UPII and UPIb-UPIIIa heterodimers are associated with the inner and outer subdomain respectively [10] .
The interaction of two tetraspanins in cells has recently been confirmed using FRET (fluorescence resonance energy transfer) [64] , single-molecule tracking [65] and chemical crosslinking [66] . Tetraspanins can be cross-linked to one another not only through classical amine-reactive agents, but also more efficiently through membrane-permeant thiol-specific crosslinkers, provided that palmitoylation is prevented using the inhibitor 2-bromopalmitate [66] . These experiments yield bands consistent with the cross-linking of two or three CD9 or CD81 molecules. Bands containing the same tetraspanin are more readily detected than bands containing two different tetraspanins, leading to the suggestion that tetraspanin homodimers represent the building blocks for the tetraspanin web. However, alternative interpretations of this result cannot be excluded. Indeed, bands containing the same tetraspanin are expected to be more easily detected than bands containing two different tetraspanins, since, for an equivalent number of complexes, there are twice the number of sites for the relevant antibody. In addition, the distribution of tetraspanins in the membrane may not be equivalent, so that a better cross-linking of two copies of a given tetraspanin in certain cell lines could reflect the existence of areas enriched in that particular tetraspanin. Structural and biochemical analysis of the bladder tetraspanins UPIa and UPIb have provided no evidence for the existence of homodimers [10] , whereas the retinal tetraspanin peripherin/RDS has been found to assemble as homotetrameric or heterotetrameric (with another tetraspanin, Rom-1) complexes [11, 67] .
Regions of tetraspanins involved in interactions with partners
One of the best-characterized tetraspanin-partner pairs is CD151-integrin α3β1. Studies using chimaeras under conditions disrupting tetraspanin-tetraspanin interactions have demonstrated the requirement for the LED of CD151 for the interaction with integrin α3β1 and that most of the constant domain could be replaced by that of other tetraspanins without compromising this interaction [51, 55, 56] . Point mutation analysis has more specifically highlighted the key role of three residues of the D subdomain of CD151, but which are, however, insufficient to mediate the interaction [55] . Other examples have underlined the complexity of the interactions. Indeed, a chimaera in which the CD9 LED is replaced by that of CD81 associates more strongly than CD9 with CD19 after Brij 97/EDTA lysis. However, the CD81 LED is not involved in the ability of CD81 to facilitate the exit of CD19 from the Golgi, which instead requires (in a CD9 backbone) the first TM only, suggesting the independent capacity of this domain to interact with CD19 [68] . Interestingly, the interaction of CD9 with EWI-2 is also mediated by two independent domains. One is located in the second half of CD9 LED (between the CCG motif and TM4) and the second is located in the TM2/TM3 region [53] . The interaction of CD9 or CD81 with CD9P-1 does not involve the TM2/TM3 region [52] , but does depend fully on TM4 and/or the C-terminus (S. Charrin and E. Rubinstein, unpublished work). The analysis of urothelial plates by cryo-electron microscopy at 6 Å (1 Å = 0.1 nm) resolution revealed that the non-tetraspanin UPs interact with both the LED and the TMs, most likely TM3 and/or TM4, of their tetraspanin partners [19] . This study did not reveal any direct interaction between tetraspanin UPs.
Technical issues related to the use of detergents in studying the tetraspanin web Although a few primary complexes can be observed after lysis in Triton X-100, including CD151-integrin α3β1 and CD9-CD9P-1, the majority of tetraspanin-partner pairs have been observed following cell lysis in digitonin (see Table 1 ). Some primary complexes may not, however, be detected in digitonin, as suggested by the use of other detergents [53] . This may be due to the fact that digitonin dissociates certain complexes, or alternatively due to the particular mode of action of this detergent. Indeed, digitonin forms a 1:1 complex with cholesterol and precipitates this lipid, as well as a fraction of tetraspanins, probably that tightly associated with cholesterol [69] . In addition, digitonin fails to precipitate tetraspanins if tetraspanin-tetraspanin interactions are disrupted [69] , suggesting that it only precipitates those tetraspanins associated with one another, leaving in the supernatant tetraspanins either 'isolated' or associated with their partners. One could therefore argue that some tetraspanin-partner pairs are totally precipitated by this detergent owing to their association with other tetraspanins.
The results obtained with Brij 97 can vary greatly depending on the cell type or the buffer used. Brij 97-based lysis buffers supplemented with CaCl 2 and MgCl 2 invariably preserve tetraspanintetraspanin interactions. Whether the tetraspanin-tetraspanin interactions are conserved or not in the presence of EDTA depends on the cell line studied. One factor contributing to the higher resistance of tetraspanin-tetraspanin interactions after Brij 97/EDTA lysis is the expression of CD9 [53, 70] . In other experiments, lysis in the presence of Brij 97 and MgCl 2 preserved the interaction between CD9 and CD81, but disrupted that with other tetraspanins [44, 46] . This observed difference between EDTA-and bivalent cation-supplemented buffers may be due to a change in the properties of the lipid bilayer. Indeed, in membrane models, bivalent cations have been shown to increase the resistance of supported lipid bilayers to detergent solubilization [71] , possibly as the result of a change in the membrane order. The adsorption of bivalent cations, especially Ca 2+ , to the surface of membranes can increase their cohesion. Such lipid headgroup-ion interactions are highly specific and involve the ions, the polar part of the lipid and the hydration layer [72] . In contrast, EDTA can induce fluidization of the membrane [73] .
Among the different detergents that preserve tetraspanintetraspanin interactions, we prefer to use Brij 97 over CHAPS, Brij 58 or Brij 98. The latter three detergents yield a higher background compared with Brij 97 and a reduced ability to solubilize tetraspanins as judged by the presence of tetraspanins in the sedimentable fraction after centrifugation of the lysates at 10 000 g. Several proteins, for example integrins α2β1 and α5β1, are co-immunoprecipitated with tetraspanins after lysis with the milder detergents (Brij 98, Brij 58 or CHAPS), but not in more stringent detergents such as Brij 97, digitonin or Triton X-100 (M. Billard and E. Rubinstein, unpublished work). In addition, the interactions revealed with the milder detergents have not been confirmed using alternative approaches such as chemical cross-linking. Therefore, considering the poor solubilizing ability of these mild detergents, the physiological relevance of the interactions visualized uniquely using these detergents remains uncertain.
Dynamics of the tetraspanin web
The dynamics of the tetraspanin web has recently been addressed by studying single fluorescent CD9 molecules using TIRF (total internal reflection fluorescence) microscopy, as well as FRAP (fluorescence recovery after photobleaching) and FCS (fluorescence correlation spectroscopy). The majority of the CD9 molecules display a Brownian diffusion mode, at least during part of their trajectory, underlining the highly dynamic behaviour of CD9. The diffusion of CD9 and CD151 (∼ 0.2 μm 2 /s) is similar to that of other membrane proteins [64, 65] .
FRET analysis indicated an interaction of tetraspanins outside of tetraspanin-enriched areas [64] . The tracking of single fluorescent CD9 molecules revealed the frequent and transient codiffusion of two CD9 molecules undergoing Brownian trajectories [65] , suggesting that tetraspanin-tetraspanin interactions occur transiently and in succession ( Figure 3 ). No abrupt change in CD9 velocity was observed when the molecules started to codiffuse. As one would expect the diffusion of transmembrane proteins in liquid membranes to decrease with increasing size of the diffusing protein [74] , this observation seems to exclude the interaction of two isolated CD9 molecules. We therefore suggest that CD9 diffuses in the membrane, embedded in a small membrane cluster able to accommodate diverse proteins (in particular several tetraspanins and their partners) and lipids, and that these clusters either co-diffuse or exchange tetraspanins (and their partners). The hypothesis that several tetraspanins are present in small clusters is supported by the fact that antitetraspanin mAbs induce the regrouping of several tetraspanins in membrane patches, indicating the association of more than two tetraspanins at the same time in the diffusing fraction [75] .
In about a third of the trajectories, CD9 molecules are transiently confined in areas enriched in CD9, CD81 and CD9P-1 [65] , in which tetraspanin-tetraspanin interactions may be amplified ( Figure 3 ). In this regard, in experiments where CD9 was tracked using intact mAb instead of Fab fragments, the CD9 molecules entering the platform did not exit, presumably because of the mAb-mediated stabilization of interactions with other CD9 molecules [65] .
How are these tetraspanin-enriched areas assembled and are they induced by physiological stimuli? Their maintenance does not depend on cholesterol or the actin cytoskeleton [65] . One possibility is that one or several molecules associated with the tetraspanin web are immobilized by a ligand, leading to the subsequent confinement of diverse tetraspanins. In this regard, Barreiro et al. [64] demonstrated that engagement of endothelial VCAM-1 or ICAM-1 by cells expressing their ligands induces the formation of a docking structure containing these two adhesion receptors and enriched in tetraspanins. Interestingly, the diffusion of CD9 in this structure is diminished compared with its diffusion in the plasma membrane, suggesting that this docking structure may resemble the tetraspanin-enriched areas observed in cancer cells by TIRF microscopy [65] .
The role of lipids in building the web
A number of membrane components are poorly solubilized in detergents and partition into the low-density fractions of sucrose gradients. The raft concept has provided a possible explanation for these DRMs (detergent-resistant membranes), the idea being that lipids with long saturated chains interact tightly with cholesterol and are thereby subjected to phase separation [76] . Although such phase separation has been observed in model membranes, its existence in biological membranes is still a matter of debate. Considering the limits of the DRM approach, the association of membrane components with DRMs does not necessarily reflect their localization in rafts, but it may give information on the membrane environment [77] .
Similarly to raft resident proteins, tetraspanins partition into low-density fractions of sucrose gradients, indicating their localization in DRM. This partitioning is best seen in detergents that preserve tetraspanin-tetraspanin interactions (CHAPS, Brij 96/97, Brij 99) [21, 24, 50, 78] , leading to the hypothesis that tetraspanin complexes form specialized microdomains named tetraspanin-enriched microdomains [24, 50] . It should be noted that tetraspanins can interact with one another or non-partner associated proteins outside of the DRM [50, 70] , indicating that their association is not due to resistance to solubilization.
Several differences exist between rafts or GPI (glycosylphosphatidylinositol)-microdomains and the tetraspanin web. The partitioning of tetraspanins into low-density fractions is minimal after cell lysis in Triton X-100, a condition which preserves the GPI-microdomains and disrupts tetraspanin-tetraspanin interactions [21, 50] . In addition, cell lysis in a Brij detergent at 37
• C disrupts rafts, but preserves the interaction of tetraspanins and their ability to float in the low-density fraction [21, 50] . Furthermore, compared with rafts, the tetraspanin complexes are more difficult to disrupt with cholesterol-depleting agents ( [50] , see below). Several studies report the lack of interaction of tetraspanins with raft-resident molecules such as GPIanchored molecules [50, 53, 79] or caveolin [24, 50] . Concordantly, proteomic analysis of rafts has identified no tetraspanins, and that of CD9 complexes yielded no caveolin or GPI-anchored proteins [47, 48, 80] . Finally, single-molecule tracking of CD9 and the GPI-anchored molecule CD55 has highlighted their different behaviours [65] . Altogether, these data provide evidence for the distinct nature of the tetraspanin web and 'classical' rafts.
The interaction of tetraspanins with certain lipids is tight enough to be visualized using radiolabelled photoactivatable compounds. In this way, CD9 was labelled with a photoactivatable G M3 derivative under conditions where no labelling of several integrin subunits could be detected [81] . Similarly, several tetraspanins, including CD9, CD81 and CD82, were labelled with a cholesterol analogue, whereas no labelling of MHC class I heavy chain could be detected [69] . The interaction of tetraspanins with cholesterol is supported further by the finding that digitonin, a well-known cholesterol-precipitating reagent, precipitates these molecules [69] . How tetraspanins interact with cholesterol is unknown. The recent determination of the crystal structure of the Gprotein-coupled human β 2 -adrenergic receptor revealed the role of two cholesterol molecules that interact with palmitic acid molecules carried by the receptor for receptor interaction [82] . We therefore speculate that tetraspanin palmitate moieties mediate this interaction with cholesterol. In this regard, a palmitoylation-free mutant CD9 molecule was not precipitated by digitonin under particular conditions [69] . Alternatively, several asymmetrically clustered membrane-exposed aromatic residues revealed following the modelling of tetraspanins, have been suggested to mediate the interaction with cholesterol [30] .
Lipids may play an important role in the interaction of tetraspanins with one another and therefore in the building of the tetraspanin web. Indeed, inhibition of the glycosphingolipid biosynthetic pathway reduces the interaction of CD82 with CD9 and CD151 in mammary epithelial cells. In addition, ectopic expression of sialidase Neu3, a cell-surface enzyme that removes sialic acid from gangliosides G D1a and G M3 at the plasma membrane, reduces the interaction of CD82 with CD151 [83] . However, manipulating G M3 levels does not affect the interaction of CD82 with other tetraspanins, thus underlining the specific involvement of the ganglioside G D1 . Importantly, modulation of membrane ganglioside composition does not affect the interaction of other tetraspanins with one another. Therefore G D1 specifically controls the interaction of CD82 with other tetraspanins [83] . In addition, expression of CD82 has been associated with an increased expression of G D1a and G M1 [84] .
The role of cholesterol in the assembly of the tetraspanin web is still under debate. Treatment of intact cells with MβCD (methyl-β-cyclodextrin), a drug which does not incorporate into the membrane, but extracts membrane cholesterol by including it in a central non-polar cavity, did not reduce tetraspanintetraspanin interactions as determined by co-immunoprecipitation [50, 69] . By contrast, cell lysis in the presence of MβCD or saponin (a cholesterol-sequestering reagent) significantly disrupts these interactions [69] . To explain this discrepancy, we propose that the cholesterol found in the inner leaflet partly mediates the interaction of tetraspanins with one another, possibly by interacting with palmitate moieties, and that this pool of cholesterol is not readily extractable by MβCD.
The pool of cholesterol that is extractable by MβCD does play an important role in the behaviour and function of tetraspanins. Indeed, cholesterol depletion by MβCD modifies the behaviour of CD9 molecules analysed at the single-molecule level [65] and decreases the binding of an anti-CD81 mAb that recognizes CD81 only when it is associated with other tetraspanins [85] . In addition, treatment of live cells with MβCD was shown to inhibit the CD81-dependent infection of liver cells by malaria sporozoites [85] , the tetraspanin ligation-induced tyrosine phosphorylation in lymphoid B-cells [69] , and the CD82-dependent functional effects in Jurkat T-cells [78] .
Several reports have shown that mutation of the intracellular membrane proximal cysteine residues, the site of attachment of palmitate moieties, partially reduces the interaction with other tetraspanins [21] [22] [23] [24] 70] . Concordantly, overexpression of DHHC2, a protein acetyltransferase mediating palmitoylation of tetraspanins, increases the interaction between CD9 and CD151 [86] . In one study, mutation of all palmitoylation sites of CD9 barely affected the interaction with other tetraspanins as determined after lysis with Brij 97 in the presence of bivalent cations. However, the interactions are disrupted when bivalent cations are replaced by EDTA [70] . This demonstrates the dispensability of the palmitate moieties for interactions between tetraspanins, and suggests that, rather than initiating these interactions, they may act to stabilize them. The palmitate residues may also modify the dynamics of interaction between tetraspanins [65] .
THE INNER WORLD OF THE TETRASPANIN WEB

Role of tetraspanin cytoplasmic domains
Except for the N-terminal tail of Tspan-10 and the C-terminal tails of Tspan-10, Tspan-12/NET-2, Tspan-15/NET-7, Tspan-32, Tspan-33, peripherin/RDS and Rom-1, the cytosolic extremities of tetraspanins are typically less than 20 residues [12] . Despite being more conserved, no function has so far been attributed to the N-terminal cytosolic domain. In contrast, the importance of the C-terminal cytosolic domain is coming to the fore.
Several tetraspanins contain a tyrosine-based internalization motif YXX (where is a hydrophobic amino acid, and X is any amino acid) [87] . Mutation of this site in CD151 prevents its accumulation in intracellular vesicles and reduces endocytosis. The location of the YXX motif in CD63 at the end of the C-terminal domain and preceded by a glycine residue, is unique among tetraspanins and critical to the sorting of CD63 into late endosomes/lysosomes. It also confers on CD63 the ability to interact with the μ subunits of several AP (adaptor protein) complexes, components of protein coats that participate in cargo selection and vesicle formation in the endocytic and late secretory pathways [87, 88] .
Latysheva et al. [89] reasoned that tetraspanins may interact with other proteins present in exosomes. Syntenin-1 was shown to interact with several tetraspanins under conditions preserving the interaction of tetraspanins with integrin α3β1 (0.8% Brij 98, 0.2 % Triton X-100), but with CD63 only using higher concentrations of Triton X-100. This suggested that, of the tetraspanins tested, only CD63 interacted directly with syntenin-1. In accordance with these findings, a C-terminal peptide from CD63, but not CD151 or CD9, was found to interact in vitro with recombinant syntenin-1. Syntenin-1 is a protein with a PDZ domain that recognizes the last amino acids at the C-terminus of target proteins [90] . A PDZ-binding sequence found on CD63 was found to be responsible for the interaction with syntenin-1 [89] . Overexpression of syntenin-1 decreases the rate of constitutive internalization of CD63. However, neither the overexpression nor the silencing of syntenin-1 affects the steady-state distribution of CD63 in HeLa cells. Because the PDZ-binding motif of CD63 overlaps the YXX binding motif, it was proposed that syntenin-1 could compete with the μ-adaptor subunits for binding to CD63. Other tetraspanins such as CD9, CD81 and CD151 have a PDZ-binding sequence which may be involved in the binding of other PDZ proteins. In this regard, a peptide corresponding to the C-terminus of CD81 was shown to interact with several PDZ domains, and coimmunoprecipitation revealed an interaction between CD81 and the PDZ domain proteins EBP50 [ERM (ezrin/radixin/moesin)-binding phosphoprotein 50] and SAP97 (synapse-associated protein 97) [91] . Interestingly, EBP50 strongly associates with ezrin (see below). Whether PDZ proteins contribute to the interaction of tetraspanins with other transmembrane proteins remains to be determined.
Tetraspanins, ERM proteins and the actin cytoskeleton
Anti-CD82 mAb (alone or in combination with anti-CD3 mAb) immobilized on plastic induce major morphological changes in Jurkat cells, relating to the formation of long membrane extensions and actin cytoskeleton rearrangements [92] . Several lines of evidence indicate that these cytoskeleton rearrangements are important for the ability of anti-CD82 mAb to co-stimulate T-cells. First, inhibition of cytoskeleton rearrangements by cytochalasin blocks the ability of anti-CD82 mAb to potentiate the tyrosine phosphorylation induced by suboptimal doses of anti-CD3 mAb [92] . Secondly, inhibition of Rho GTPases inhibits both morphological changes and the enhancement of tyrosine phosphorylation [93] . Immobilized anti-CD81 mAb also induces morphological changes of both primary T-cells and NK (natural killer) cells. Anti-CD81 (and anti-CD82) mAb was shown to inhibit NK cell activation by various stimuli, an effect which could be reversed by blocking actin polymerization [94, 95] . Importantly, blocking actin cytoskeleton rearrangement is sufficient to potentiate the activation of NK cells by anti-CD16 mAb [95] . In contrast, the same treatment inhibits the activation of T-cells by immobilized anti-CD3 mAb. Thus blockers of actin cytoskeleton rearrangement and immobilized anti-CD81 mAb produce opposite effects in T-and NK cells. Interestingly, a parallel situation was noted in mast cells where anti-CD81 mAb blocked activation, whereas actin blockers increased it [96, 97] . The authors suggested that, through their effect on the cytoskeleton, tetraspanins may modulate activation thresholds, leading to opposite outcomes in T-and NK cells [95] .
The interaction of tetraspanins with the cytoskeleton may occur through proteins of the ERM family. These proteins interact with actin through their C-terminal domain, and with the cytoplasmic domain of several adhesion molecules through their N-terminal domain [98] . Tetraspanins CD9 and CD81, but not CD151, have been shown to co-immunoprecipitate ERM proteins. The C-terminus of CD81 pulled down both ezrin and moesin, suggesting a direct interaction [99] . However, both ERM proteins were also pulled down by the cytoplasmic domain of CD9P-1 and EWI-2, suggesting that an indirect interaction between tetraspanins and ERM proteins may also exist. In polarized leucocytes, CD9 and CD81, as well as EWI-2, are found concentrated with ERM proteins at a membrane protrusion found at the rear part of the cell body called the uropod. The relevance of this interaction is not yet clear, because the ERM-proteindependent localization of EWI-2 to the uropod does not require its cytoplasmic domain. Silencing of EWI-2 was found to slightly increase the polarization of a lymphoid cell line, its ability to migrate, as well as ERM protein phosphorylation [99] .
Few signalling molecules have been identified in the tetraspanin web
Compared with the wealth of cell-surface molecules associating with tetraspanins, only a few cytoplasmic molecules have been shown to interact with tetraspanins. Unless specified above, it is not known whether any of these interactions are direct. The only intracellular proteins associating with CD9 [47, 48] , as identified by recent proteomic analysis, are syntaxins 3 and 4A (two proteins involved in vesicle fusion), PKCβ and a subset of heterotrimeric G-proteins, corroborating the results of Little et al. [44] . The functional relationship between tetraspanins and heterotrimeric G-proteins remains unclear. However, as the same fraction of the orphan heterotrimeric GPCR (G-protein-coupled receptor) GPR56 associating with G αq/11 also associates with CD81, and as the expression of CD81 increases the interaction between GPR56 and G αq/11 , Little et al. [44] suggested the potential role of CD81 as a heterotrimeric GPCR scaffolding protein [44] . Scaffolding proteins are believed to contribute to GPCR signalling specificity by engaging additional signalling pathways or localizing GPCR signalling events to specific subcellular sites [100] .
Several tetraspanins (but not all) have been shown to associate with the lipid kinase PI4K [101] and PKCα and PKCβ2 [47, 102] . In addition, only those integrins associating with tetraspanins interact with PI4K and PKCβ2 [102, 103] . Thus tetraspanins may link activated PKC and PI4K to the subset of integrins with which they interact. However, whether these kinases interact directly with one or several tetraspanins is unclear. The interaction of CD81 and CD151 with PKC could be stabilized through cross-linking reagents; however, the minimum size of complexes containing both tetraspanins and PKC is unknown [102, 103] . In addition, the use of chimaeric molecules consisting of CD9 and Tspan-7 (TALLA-1), which does not associate with PKC, has yielded no conclusive results on the role of CD9 cytoplasmic domains in mediating this association.
Finally, the non-palmitoylated form of CD81 was shown to associate with the serine/threonine-binding signalling protein, 14-3-3. Both the palmitoylation of CD81 and association with 14-3-3 were modulated by oxidative stress [104] .
REGULATION OF TETRASPANIN-ASSOCIATED PROTEINS THROUGH THE TETRASPANIN WEB
Potential role of the tetraspanin web and the difficulty in assigning tetraspanin-specific functions
What is the function of the tetraspanin web? We suggest that tetraspanins, through the organization of the tetraspanin web, contribute to the lateral segregation of the proteins with which they associate. More specifically, on the basis of the biochemical dissection of the tetraspanin web and the analysis of the dynamics of some of its constituents, we propose that one major role for tetraspanins is in the assembly of specialized structures. To achieve this function, tetraspanins, associated with their partners, would patrol the membrane and generate a succession of transient interactions. Since the engagement of one tetraspanin partner through its ligand would be accompanied by the co-recruitment of other tetraspanin partners, these transient interactions would therefore facilitate the assembly of more complex structures (Figure 3) . In this regard, integrins have been shown to associate with other tetraspanin-associated molecules such as MHC molecules, CD9P-1 or EWI-2 under conditions preserving tetraspanin-tetraspanin interactions [21, 41, 60, 105] . This model is also coherent with the finding that engagement of endothelial VCAM-1 or ICAM-1 by cells expressing either one of their ligands induces the formation of a docking structure containing both adhesion receptors and tetraspanins [64] . In particular, tetraspanins may favour the association of several copies of a given associated protein, as suggested by the CD9-dependent association of several MHC class II molecules [106] . Such microclustering of certain proteins could have important consequences on their function. The tetraspanin web may also serve as a regulated adaptor platform between protein partners and intracellular signalling molecules such as PI4K or PKC [101, 102] . Finally, one cannot exclude the possibility that the interaction with tetraspanins may restrict other interactions of some cell-surface proteins.
A major difficulty in the study of tetraspanins is determining functions that are specific to a given tetraspanin and how they relate to specific tetraspanin-associated proteins. Considering the wealth of molecular interactions involving tetraspanins, ensuring that the observed effects are linked to the specific function of the tetraspanin initially targeted and not secondary to a modification of the tetraspanin web is a challenge. This is especially true for experiments using mAb against tetraspanins. These mAbs similarly engage the tetraspanin web, with mAbs against different tetraspanins often concentrating several tetraspanins in discrete membrane areas or producing similar effects. Indeed, earlier studies have reported that, when tested in parallel, different anti-tetraspanin mAbs all induced co-stimulation of T-cells, cell aggregation, and modified cell migration (for a review, see [12] ). However, there are some examples where mAbs have helped to unravel tetraspanin-specific functions. For example, it was shown that an anti-CD151 mAb, but not an anti-CD9 mAb, blocked the formation of cellular cables [107] (see below). The use of particular mAbs that dissociate one tetraspanin from c The Authors Journal compilation c 2009 Biochemical Society its partners would also be useful [108, 109] . One might also expect the recombinant tetraspanin LED to be more useful in terms of determining specific functions. However, different tetraspanin LEDs also seem to produce the same range of effects, including inhibition of sperm-fusion and inhibition of HIV infection [110, 111] . In addition, recombinant CD9 LED was recently shown to reduce the diffusion of both CD9 and CD151 [64] .
Will RNA silencing and gene knockout prove more powerful in determining tetraspanin-specific functions? In a recent study, CD151 silencing reduced invasion through Matrigel, whereas CD9 silencing had a stimulatory effect [62] . However, in other studies, the silencing of CD9 or CD151 in melanocytes or endothelial cells produced similar functional effects, and Tcells from several tetraspanin-null mice are hyperproliferative, indicating that gene silencing may affect functions common to different tetraspanins [17, 112] . These common effects may be due to a modification of the organization of the tetraspanin web or to a change in expression of another tetraspanin, as suggested by the fact that CD151
−/− keratinocytes show reduced CD9 expression. They may also be due to the down-regulation of some associated proteins as shown by the decreased expression of ICAM-1 and VCAM-1 upon CD9 and CD151 silencing [113] .
Similarly, transfection studies should also be interpreted cautiously. For example, CD82 expression in several cell lines has been shown to modify signalling events downstream of integrins and EGFR (epidermal growth factor receptor). However, CD82 expression regulates the level of some gangliosides which themselves contribute to the interaction of CD82 with other tetraspanins. In addition, EWI-2 overexpression in lymphoid Tcells impaired spreading and ruffling on VCAM-1, an integrin α4β1 ligand [105] , but in other cells, it changed the organization of the tetraspanin web as shown by altered CD81 localization and modified binding of an anti-CD9 mAb [114, 115] .
While keeping these limitations in mind, one can nevertheless distinguish four major themes emerging from studies addressing the potential functional relationship between tetraspanins and their associated molecules: (i) modulation of ligand binding; (ii) modulation of signalling; (iii) modulation of trafficking; and (iv) regulation of proteolytic activities.
Modulation of ligand binding and adhesion strengthening
CD9 is associated with the membrane precursor of HB-EGF (proHB-EGF), a member of the EGFR ligand family, which serves as a receptor for diphtheria toxin. Expression of CD9, but not other tetraspanins, together with HB-EGF increases the sensitivity of cells to this toxin [40] . In addition, CD9 increases the juxtacrine activity of proHB-EGF [116] . Expression of CD9 in cells expressing proHB-EGF induces a 20-fold increase in the number of sites for diphtheria toxin without changing the affinity or number of proHB-EGF molecules present at the cell surface. It is therefore likely that CD9 modifies the conformation of proHB-EGF, thus uncovering new binding sites for the toxin.
Because the interaction of CD151 with the integrin α3β1 is extremely stable, these molecules are often co-purified. The complex can, however, be dissociated using a specific anti-CD151 mAb (8C3). Liposomes reconstituted with the integrin α3β1 after dissociation of CD151 show reduced binding to laminin 10/11 (an integrin α3β1 ligand) compared with those reconstituted with the integrin α3β1-CD151 complex [109] . This mAb also slightly inhibits the adhesion of cells to laminin 10/11, as does a 90 % silencing of CD151. Treatment with the mAb also decreases the binding of an anti-(β1 integrin) mAb reported to preferentially recognize 'activated' β1 integrins, leading to the suggestion that CD151 stabilizes an active integrin α3β1 conformation.
Integrin-mediated adhesion is a dynamic multi-step process involving the binding of integrin receptors to extracellular ligands followed by the highly regulated post-binding events comprising receptor clustering and interactions with cytoskeletal structural and signalling elements that may contribute to adhesion strengthening [117] . To investigate a possible influence of CD151 on the strength of integrin adhesion, Lammerding et al. [118] allowed magnetic beads coated with laminin-1 (an integrin α6β1 ligand) or fibronectin (an integrin α5β1 ligand) to attach to cells and, using a magnetic trap, measured the force necessary to detach these beads. They showed that beads coated with laminin had normal initial binding, but were more easily detached from cells expressing a CD151 chimaera in which TM4 and the cytosolic C-terminal region had been replaced by that of Tspan-4 (NAG-2). This mutant did not affect the detachment of beads coated with fibronectin, demonstrating its specific effect on integrin α6β1 which associates directly with CD151 [118] . Therefore CD151 has emerged as a regulator of integrin adhesion strengthening. This may explain why cells expressing the CD151 mutant show defects in spreading and cellular cable formation on Matrigel, a process also blocked by anti-integrin and anti-CD151 (but not anti-CD9) mAbs [107] . It may also explain why, in another study, CD151-silenced cells showed normal adhesion to laminin, but were more easily detached when subjected to centrifugation [119] .
Tetraspanins can modulate signalling downstream of associated proteins
Engagement of tetraspanins by specific mAbs has long been known to trigger, in certain cells, signal transduction events, including tyrosine phosphorylation (for a review, see [12] ) and activation of MAPKs (mitogen-activated protein kinases) [120, 121] . How these cell-type-dependent signalling events are initiated is unclear. The most straightforward explanation is that engagement of tetraspanins induces their clustering and that of associated molecules, some of which would have signalling activities. For example, in lymphoid B-cells, tetraspanins associate with CD19, a molecule able to recruit several intracellular effectors, including Vav. Antibody-ligation of tetraspanins induces the phosphorylation of CD19 and Vav in the same way as the ligation of CD19 [69, 122] . In the present review, we only review data showing that tetraspanins modulate the signalling ability of associated proteins. At this stage, however, it remains unclear as to whether tetraspanins modulate this signalling activity via coupling to specific signalling pathways.
Modulation of growth factor receptor signalling
Changes in tetraspanin expression have been shown to modulate the activity of both the EGFR and the HGF (hepatocyte growth factor) receptor c-Met. Investigations into the mechanisms involved during CD82 modulation of EGFR activity have provided a striking example of how tetraspanins can indirectly alter the function of other molecules.
Co-immunoprecipitation of CD82 with the EGFR or c-Met has been observed after cell lysis with mild detergents such as Brij 98. These interactions, like that of CD82 with other tetraspanins, are regulated by the expression levels of gangliosides [83, [123] [124] [125] . CD82 was shown to negatively regulate the activation of the EGFR or c-Met and/or downstream signalling to some extent [123] [124] [125] [126] . For example, initial phosphorylation of the EGFR and Shc (a downstream adaptor) was shown to be normal, but slightly less stable, in cells transfected with CD82, possibly as a consequence of a more rapid EGFR internalization [123] . How CD82 modulates EGFR internalization and signalling is unlikely to be straightforward. Indeed the transfection of CD82 leads to an increase in the level of G M1 and G D1a , gangliosides known to regulate the activity of several growth factor receptors, including EGFR and c-Met [127, 128] . Some gangliosides have a positive effect on growth factor receptor activation, whereas others have a negative impact. In this way, the inhibition of ganglioside synthesis either increases or inhibits the activation of EGFR or c-Met, which may reflect different ganglioside composition. Importantly, whether stimulatory or inhibitory, the effect of inhibiting ganglioside synthesis on EGFR or c-Met activation was found to depend on the presence of CD82 [83, 124, 125] .
Tetraspanin expression modulates integrin signalling
Several investigators have examined whether modifying the expression of tetraspanins or targeting tetraspanins with mAb could modify signalling downstream of integrins. Two major pathways are regularly, although not systematically, modified upon variation of tetraspanin expression levels: the PI3K (phosphoinositide 3-kinase)/Akt pathway and the FAK (focal adhesion kinase)/Src/p130
Cas (Crk-associated substrate) pathway. Takeda et al. [63] reported the reduced phosphorylation of Akt and its downstream target eNOS (endothelial nitric oxide synthase), both playing an important role in angiogenesis, in lung endothelial cells of CD151 −/− mice upon plating on to Matrigel. Conversely, overexpression of CD151 in HUVECs (human umbilical vein endothelial cells) was shown to increase the level of Akt phosphorylation, in relation to an increase in PI3K expression [129] . In another study, however, cells expressing a palmitoylation-deficient mutant of CD151 had a higher level of phosphorylation of Akt than cells expressing wild-type CD151 [24] .
Manipulating CD151 expression does not lead to a modification of Akt in all cell types. For example, silencing CD151 in mammary carcinoma cells does not modify the level of Akt phosphorylation upon plating the cells on laminin-1 [62] ; however, it does impair the phosphorylation of FAK. This is consistent with the results of Yamada et al. [61] , who observed a decrease in the phosphorylation of Src, FAK, p130
Cas and paxillin upon plating of CD151-silenced A549 cells on LN-511 (laminin 10, an integrin α3β1 ligand). Importantly, the same effect was observed in cells treated with an anti-CD151 mAb that dissociates CD151 from the integrin α3β1, indicating a mechanism whereby CD151 modulates integrin signalling directly.
Other tetraspanins have been shown to modulate integrin signalling. Indeed, CD82 expression in a prostate carcinoma cell line diminished Src activation upon plating on various integrin substrates such as collagen, laminin-1 and fibronectin. It also impaired the phosphorylation of FAK at the Src-specific phosphorylation site, although not at the FAK autophosphorylation site, as well as that of its substrate p130
Cas , but did not alter ERK or Akt signalling [130] . This effect of CD82 on the Src/FAK/p130 Cas pathway is not necessarily direct. In another study using a different prostate cancer cell line, the expression of CD82 (but not that of a palmitoylation-defective mutant of CD82) up-regulated the expression of FAK and Lyn at both the RNA and protein levels. In contrast, the level of p130
Cas protein (though not RNA) was diminished, resulting in the formation of less p130
Cas -CrkII complex in cells expressing CD82 [23, 131] . Overexpression of p130
Cas reversed the CD82-mediated inhibition of cell motility. It
is as yet unknown whether gangliosides contribute to this CD82-mediated effect on integrin signalling. In other examples, lower levels of FAK phosphorylation have been found in CD9 −/− vascular smooth muscle cells under conditions where they migrate [132] . In addition, transfection of CD9 has been associated with either an increase or a decrease in adhesion-dependent phosphorylation of Akt [133, 134] . Finally, an anti-CD63 mAb was found to reduce the activation of mast cells plated on integrin substrates via the inhibition of a Gab2/PI3K, Akt and PKCδ pathway [135] .
CD81 may modulate CD19-mediated B-cell signalling CD19, a transmembrane protein that serves as a signalling/adaptor protein, is a major partner of CD81 in lymphoid B-cells. CD19 also associates directly with CD21, the receptor for the C3d component of complement, and provides a physical link between CD21 and CD81. When co-ligated to the BCR (B-cell receptor) through the binding of complement-tagged antigens, the CD19-CD21 complex functions to enhance BCR signalling, thus lowering the threshold for B-cell activation [136] .
In untreated B-cells, the different components of the BCR (Igμ, Igα, Igβ) and the CD19-CD21-CD81 complex are fully solubilized by Triton X-100 at 4
• C and therefore partition in high-density fractions of sucrose gradients. Engagement of the BCR at 4
• C by mAb or multivalent antigens causes a fraction of BCR components, as well as proteins phosphorylated on tyrosine residues, to become resistant to detergent solubilization and therefore float in sucrose gradients. Incubation of the cells at 37
• C between the antibody-ligation and -lysis steps restores the solubilization of these proteins [137] .
Antibody cross-linking of the BCR with CD19 or CD21 at 4
• C results in extensive partitioning of not only BCR subunits, but also CD19, CD21 and CD81 into the low-density fraction of sucrose gradients, with all molecules remaining partially insoluble to Triton X-100 even after incubation at 37
• C. This effect was not observed in B-cells from CD81 −/− mice, indicating that CD81 plays a key role in rendering these molecules resistant to detergent solubilization. In these experiments, the level of global protein phosphorylation was lower in CD81 −/− cells than in CD81
+/+ cells, with no phosphorylated proteins observed in the low-density fraction. In addition, no detectable phosphorylation of the BCR subunit Igα or CD19 was observed [138] . To what extent these two phenomena are due to a lower CD19 expression in CD81 −/− cells, and whether the difference between CD81 +/+ and CD81
−/− cells is amplified by performing the experiments at 4 • C, is unknown.
Tetraspanins sometimes regulate the trafficking of associated proteins
Several studies have addressed the question of whether tetraspanins regulate the traffic of some of the proteins they associate with. A detailed review of this aspect of tetraspanins has been published previously [87] .
Regulation of biosynthetic transport and maturation
The cell-surface expression of CD19 on mature lymphoid Bcells is reduced by approx. 50 % in all strains of CD81 −/− mice, with even lower expression levels observed in immature B-cells [17, 57] . CD81 was shown to facilitate egress from the endoplasmic reticulum to the Golgi, and also contribute to the normal glycosylation of CD19 [68] . In addition, in transfected cells, UPII and UPIII only reach the plasma membrane by forming heterodimeric complexes with UPIa and UPIb respectively [58] . Furthermore, expression of CD81 in U937 cells ectopically expressing hEWI-2 increases the surface expression of this partner [114] .
Other tetraspanin partners do not require their paired tetraspanin to reach the cell surface. For example, integrin α3β1 transfected into Daudi cells that do not express CD151 was found strongly expressed at the cell surface and showed no change following subsequent transfection of CD151 [21] . Concordantly, silencing of CD151 in A431 carcinoma cells does not reduce cell-surface expression of integrin α3β1 [60] ; neither does the knockdown of CD81 and CD9 alter the expression level of CD9P-1 in K562 cells (T. Abache and E. Rubinstein, unpublished work). Finally, the level of expression of integrins α3β1 and α6β4 is normal in isolated CD151
−/− keratinocytes [139] , and no changes in the distribution of CD9P1 expression in various organs of CD9
−/− /CD81 −/− animals can be detected by immunohistochemistry (E. Wrobel and C. Boucheix, unpublished work).
Regulation of cell-surface expression levels
In contrast with other tetraspanins, the localization of CD63 is mostly intracellular. Found concentrated in intracellular vesicles including late endosomal compartments and lysosomes, CD63 cycles between these compartments and the plasma membrane [140] . CD63 was found to associate with the β-chain of the gastric H + /K + -ATPase after lysis with Triton X-100, suggesting that this pump is a CD63 partner. In unstimulated parietal cells, the H + /K + -ATPase resides in CD63-positive intracellular storage compartments and is translocated to the cell surface on secretagogue stimulation where it initiates acid secretion into the lumen of the stomach. The role for CD63 in regulating the subcellular localization of this pump is suggested by the fact that the HKβ subunit is present in intracellular CD63-containing vesicles when co-transfected with CD63, but localizes at the cell surface when transfected alone or co-transfected with a CD63 molecule harbouring a mutation abolishing the interaction with APs and preventing this intracellular localization [141] . An interaction of CD63 with the colonic H + /K + -ATPase was reported in another study in which the silencing of CD63 caused a redistribution of this pump to the plasma membrane [142] . Similarly, CD63 silencing leads to an increase in the cell-surface expression of the chemokine receptor CXCR4. Conversely, the expression of CD63, and to a greater extent the expression of a CD63 mutant molecule lacking the region upstream of the LED, led to a decrease in CXCR4 expression level at the surface [143] .
Modifying the pattern of expression of tetraspanins can also have consequences on the residence time of integrins at the cell surface. Indeed, the depletion of CD151 by RNA interference leads to a lower rate of internalization of integrin α3β1 [60] . In addition, mutation of the YXX sorting motif in the C-terminal cytoplasmic domain of CD151 alters not only CD151 internalization and steady-state distribution, but also the rate of internalization of the fraction of integrins α3β1, α6β1 and α5β1 linked to this tetraspanin [144] . The fact that mutation in CD151 alters the internalization of integrin α5β1, which does not associate directly with CD151, suggests that the effect of this CD151 mutant on integrin internalization may be indirect. In this regard, expression of CD82, which does not interact directly with integrins, was associated with a decrease in integrin α6 cell-surface expression and an increase in the internalization rate in prostate cancer cells [145] . It is worth noting that transfection of CD82 does not systematically decrease the surface expression level of the integrin α6β1 [130] .
Tetraspanins may also regulate to some extent the cell-surface expression level of membrane-anchored precursors of growth factors and cytokines. Several EGFR ligands, including HB-EGF, amphiregulin and TGFα (transforming growth factor α) have been shown to associate with CD9 which potentiates their juxtacrine activity [116, 146, 147] . This may be due to a change in conformation, as suggested for HB-EGF [40] , or, in the case of TGFα, a stabilization of the membrane-bound growth factor precursor at the cell surface and inhibition of its cleavage [147, 148] . Whether this effect is linked to the presence in the tetraspanin web of ADAM (a disintegrin and metalloproteinase) 10 [75, 149] , a member of the ADAM family known to cleave several EGFR ligands [150] , remains to be determined.
Tetraspanins regulate proteolytic activities
MS analysis has revealed the association of tetraspanins with several membrane-bound proteases, including the serine protease matriptase/TADG-15, the ectopeptidase CD26/dipeptidyl peptidase IV and the metalloproteinase ADAM10 [47, 48] . Tetraspanins may negatively regulate ADAM10 activity, since this protease is unable to cleave the membrane-anchored precursor of TNFα, while strongly associating with tetraspanins. In accordance with this, several anti-tetraspanin mAbs stimulate ADAM10-dependent cleavage of membrane-anchored precursors of TNFα and epidermal growth factor. This effect has been correlated with the ability of mAbs to induce the co-clustering of several tetraspanins and ADAM10 into membrane patches, suggesting that the mAbs modify ADAM10 activity by altering its membrane compartmentalization. ADAM10 is a partner for the tetraspanin CD53, as shown by the visualization of this complex following digitonin or Brij/EDTA lysis {a 68 kDa protein co-immunoprecipitated with CD53 [53, 59] was identified as ADAM10 (F. Le Naour and E. Rubinstein, unpublished work)}.
Other studies have shown that antibodies against tetraspanins, or manipulating tetraspanin expression levels, could modify pericellular proteolytic activities. For example, CD82 expression was shown to strongly inhibit plasminogen activation as a result of decreased binding of urokinase-type plasminogen activator to its receptor [151] . This was shown to be linked to a redistribution of the receptor to focal adhesions where the receptor associated with integrin α5β1, an integrin coimmunoprecipitated with tetraspanins only after lysis with the mildest detergents. Targeting tetraspanins has also been shown to modify the expression of MMPs, including MMP-2, MMP-7 and MMP-9, often at the RNA level [119, [152] [153] [154] . Since integrins are known to regulate MMP production [152, 155] , this may reflect a modification of integrin signalling. Among the affected proteases, pro-MMP-7 may interact directly with CD151. Indeed, expression of CD151 has been shown to increase pro-MMP-7 binding and pericellular MMP-7 proteolytic activity [38] . Tetraspanins may also regulate MMP-2 activity through MT1-MMP (membrane-type matrix metalloproteinase 1), a membrane-bound metalloproteinase that associates with several tetraspanins, including CD9, CD151 and CD63 [156, 157] . CD63 overexpression increases lysosomal proteolysis of MT1-MMP and consequently reduces the conversion of MMP-2 into its active form [156] . In addition, CD151 silencing increases the conversion of pro-MMP-2 and the degradation of fibrinogen, another MT1-MMP substrate, in relation to a change in MT1-MMP membrane distribution and the disruption of MT1-MMPintegrin α3β1 interaction. In contrast, CD9 silencing does not affect MT1-MMP activity or membrane distribution in accordance with the tight association of MT1-MMP with CD151, but not CD9, as determined by FRET [157] . 
MAJOR FUNCTIONS OF TETRASPANINS IN PHYSIOLOGICAL AND PATHOLOGICAL CONDITIONS
Not surprisingly, considering their large distribution, tetraspanins have been implicated in quite a number of biological processes.
In the following section, we review the major functions of tetraspanins at the cellular and organism levels ( Table 2) . Wherever possible, we indicate the relationships that could occur with known associated molecules. Having covered the unique organization of UPs in urothelial plaques, we will now see how certain tetraspanins may contribute to the generation of other discrete membrane structures that could represent highly stable and constrained modes of molecular organization.
The function of tetraspanins in epithelia
In C. elegans
Out of the 20 tetraspanin genes listed in wormbase, only tsp-15 has been linked to functional defects following gene silencing. The epidermis in the nematode C. elegans is a classic polarized epithelium involved in the formation of the cuticle or exoskeleton of the worm. Disruption of tsp-15 function by mutation or RNA interference results in complex defects in epidermal morphology, including a dumpy shape and blistering of the cuticle, as well as impaired barrier function. None of CD151, CD9, CD63, CD82 or Tsp74F (CG5492), a Drosophila tetraspanin, can rescue this tsp-15 mutant phenotype [158] . The human tetraspanin closest to Tsp-15 is CD151 (24 % homology at the amino acid level).
In mammals
Several tetraspanins such as CD9, CD81 and CD151 are strongly expressed in various epithelia, often with a predominant localization at cell-cell contacts. In the epidermis, CD9 and CD81 are expressed in most epidermal cell layers [51, 52, 159] , whereas CD151 expression is restricted to the basal layer, in particular at the dermal-epidermal interface, i.e. at the basal side of keratinocytes, where it most likely associates with the integrin α6β4 [108, 160] . Interestingly, the localization of CD151 in hemidesmosomes (stable attachments linking the basement membrane to the keratin intermediate filaments) in vitro is entirely dependent on the presence of this same integrin [161] . On the other hand, CD151 −/− animals display an abnormal distribution of integrin α6β4 in the skin as well as abnormal keratinocyte migration in vitro and delayed wound healing [139] , suggesting a role for CD151 in epithelium repair.
Patients with a single nucleotide insertion in the CD151 gene leading to a translated protein lacking most of the large extracellular loop have been identified. Consistent with the presence of CD151 in hemidesmosomes, a major consequence of this mutation is restricted (pretibial) epidermolysis bullosa [162] . Mutation in human CD151 is also associated with hereditary nephritis, which can lead to end-stage renal failure. Electron microscopic examination of tissue from one patient revealed abnormalities of tubular and glomerular basement membranes [162] . Interestingly, on particular genetic backgrounds, CD151-null mice also develop renal failure with age, associated with abnormalities of tubular and glomerular basement membranes, and podocyte-specific gene deletion of the integrin α3 subunit yields similar renal defects [163] . The authors suggested that CD151 is important for maintaining glomerular architecture upon mechanical stress, consistent with a role of CD151 in adhesion strengthening [163] . Alternatively, because thickening of the glomerular basement membrane is the first detectable morphological defect, CD151 may be involved in regulating the production, maturation or assembly of this membrane in cooperation with integrins [164] .
Tetraspanin function in platelets, leucocyte extravasation and endothelial cells: a role in adhesion strengthening?
Despite the fact that CD9 is the second most abundant platelet antigen and that it associates with the fibrinogen receptor integrin αIIbβ3 [12] , the function of CD9 −/− platelets is minimally affected [165] . CD151 is expressed at a lower level and also associates with the integrin αIIbβ3 [166] , an interaction that can be observed after lysis using Triton X-100 [167] . While initial platelet activation events are normal in CD151 −/− platelets, delayed clot retraction, reduced platelet aggregation and defective spreading on fibrinogen indicate defects in post-occupancy events of integrin αIIbβ3 [167] . These results suggest that CD151 may also regulate the strengthening of integrin αIIbβ3-mediated events.
Leucocyte extravasation, a process also requiring adhesion strengthening, occurs in successive steps. Following an initial rolling phase, firm adhesion is accomplished through the interaction of integrins with vascular cell ICAM-1 and VCAM-1. Leucocyte CD81 expression confers increased resistance to detachment from VCAM-1 by incremental shear forces, strongly suggesting its enhancement of integrin α4β1 adhesion strengthening. It also confers increased resistance to detachment from an integrin α5β1 ligand, but not from ICAM-1, a ligand for the integrin αLβ2 [168] . Silencing of CD9 or CD151 in endothelial cells reduces the ability of lymphocytes to attach to endothelial cells, resist the detachment induced by incremental shear forces and transmigrate. These findings are consistent with the localization of CD9 and CD151 in endothelial structures containing ICAM-1 and VCAM-1 that form upon leucocyte interaction [113] . Part of this effect may be due to a decreased expression of ICAM-1 and VCAM-1. However, the partial inhibition of lymphocyte transmigration and adhesion under flow by soluble CD9 LED also suggests a direct effect of tetraspanins on the function of these molecules. Whether tetraspanins contribute directly to the formation of the docking structure remains to be determined.
None of the published tetraspanin-null mice displays vascular defects during development. However, pathological angiogenesis is impaired in CD151-null mice, and CD151-null endothelial cells show an altered behaviour in a number of tests (migration, spreading, invasion, Matrigel contraction, tube and cable formation, and spheroid sprouting) relevant to angiogenesis and in which tensional forces, and thus likely adhesion strengthening, play a critical role [63] .
Tetraspanin functions in the immune system
Tetraspanins have been most extensively studied in the immune system (for reviews, see [17, 112] ). Deletion of tetraspanins in the mouse does not alter the distribution of lymphocyte subsets, but leads to a functional alteration of T-cells, and, in some cases, B-cells. On the other hand, several important molecules of the immune system have been shown to associate with tetraspanins including MHC class I and II antigens, CD3, CD4, CD8 and CD19 (for reviews, see [12, 17, 112] ). With the exception of dectin-1 and CD19, whether the functional consequences of tetraspanin deletion are linked to their association with some of these molecules remains to be determined.
CD9, CD63, CD81 and CD82 have long been known to be recognized by mAbs that have a co-stimulatory activity for human and mouse T-cells. Although the simplest explanation is that tetraspanins play a positive role in T-cell activation, this hypothesis is not supported by the analysis of knockout mice. Indeed, T-cells from mice lacking CD81, CD37, CD151 or Tspan-32/TSSC6/phemx are all hyperproliferative to various in vitro stimulations [17, 112] . Furthermore, T-cells lacking CD37 produce more IL-2 and engage faster in the first division than wild-type cells [169] .
The humoral immune response of mice lacking CD9, CD151 or TSSC6 is normal [17, 112] . However, CD37
−/− mice immunized with T-dependent antigens present a diminished humoral response under conditions of suboptimal stimulation, suggesting a role of CD37 in mediating B-and T-cell interactions [170] . The role of CD81 in the humoral response is more critical, since mice lacking CD81 have a reduced Th2 cell immune response (based on the profile of cytokines released by the T-cells) following immunization with T-dependent, but not T-independent, antigens. This suggests that CD81 also plays a role in T-B-cell co-operation [171] . The presence of CD81 on both B-and T-cells is required for the normal development of a Th2 response [171, 172] . CD81 −/− B-cells show lower levels of CD19 expression [57] , and CD19 −/− mice mount a poor humoral response [136] , with one report suggesting that the Th2 response may be especially affected [173] . To what extent the immune defect of CD81 −/− mice is linked to its interaction with CD19 remains to be investigated.
Dectin-1, a major receptor of β-glucans with a prominent role in the immune response against fungi such as Candida albicans, interacts with the tetraspanins CD63 [174] and CD37 [175] . CD37 −/− macrophages were shown to display a strongly increased dectin-1 ligand-induced production of IL-6, a cytokine playing an important role in host defence against fungi, despite reduced dectin-1 surface expression level and normal phagocytosis. The IL-6 production induced by LPS (lipopolysaccharide) (a Tolllike receptor 4 ligand) was unchanged [175] . How CD37 downmodulates IL-6 production induced by dectin-1 remains to be determined. It will be of special interest to study the immune response of CD37 −/− animals to fungi.
Tetraspanins in the eye and the nervous system
In Drosophila
Late bloomer (lbm) is a Drosophila tetraspanin mainly expressed in motoneurons. The protein is present at the cell surface and is distributed along the entire length of the motor axons, including their growth cones and presynaptic terminal. In lbm mutant embryos, motor axons follow their appropriate pathways and normally reach their correct muscle target region by stage early 16; however, synapse formation is delayed [176] . The lbm gene is located on chromosome 2 within a cluster of 18 tetraspanin genes that includes two genes present on motoneurons, one of which is sunglasses (CG12143,Tsp42Ej). Elimination of these two genes, together with the lbm and six additional tetraspanin genes within the cluster, amplifies the lbm mutant phenotype; however, at later stages, the synapses are normal. It should be noted that removing 25 % of all fruitfly tetraspanins does not affect viability or fertility, and produces no obvious defects [3] . Sunglasses (Tsp42Ej) is a lysosomal tetraspanin predominantly expressed in the eye. The most closely related mammalian tetraspanin is CD63. Its deletion leads to fruitflies that exhibit light-and age-dependent retinal degeneration. Sunglasses associates with the G-protein-coupled light receptor rhodopsin, and regulates its trafficking to lysosomes for degradation [177, 178] .
Peripherin/RDS and Rom-1 play a major role in vertebrate photoreceptor architecture
The photoreceptor outer segment, specialized in the conversion of light signals into graded membrane potentials, is composed of hundreds of stacked membranous discs that undergo daily renewal and are associated with a high density of signalling proteins [11] . The tetraspanin peripherin/RDS is proposed to play a key role in disc morphogenesis, maintenance and shedding [11] . Mutations in this protein, located at the rim of the disks, induce retinal dystrophies in human. The peripherin/RDS gene was first described in the rds mouse which possesses a large insertion of viral DNA resulting in a null allele. Heterozygous and homozygous animals display irregular and absent outer segments which precedes the death of photoreceptor cell bodies. Peripherin/RDS associates with a closely related tetraspanin, ROM-1. Co-inheritance of the ROM-1-null mutation has been associated with a digenic form of retinitis pigmentosa; however, monogenic mutations in this gene have no apparent pathogenic effect. Nevertheless, complete loss of this protein in knockout mice does cause outer segment shortening/disorganization and slow retinal degeneration.
CD81 regulates cell populations in the nervous system CD81 plays a role in regulating the cellular composition of the brain. The brain of CD81 −/− mice is larger, owing to an increase in the number of astrocytes and microglia [179] . This may be due to a loss of neuron-induced astrocyte growth arrest, as shown by in vitro experiments [180] . Whether CD81 acts through the binding of a ligand present on neurons, as suggested by the binding of a soluble CD81 LED molecule to neurons, remains to be determined. The role of CD81 in controlling astrocyte proliferation is supported further by experiments in which anti-CD81 mAb suppresses the mitotic activity of cultured astrocytes [181] and microglial cells [182] . Considering the secondary damage and glial scar formation in part caused by reactive glial cells during traumatic spinal cord injury, Dijkstra et al. [183] studied the effect of anti-CD81 mAb in an experimental model of this pathology and observed an enhanced functional recovery in the presence of the mAb. In addition, CD81-deficient mice have been shown to display a modified sensitivity to the neurobehavioural effects of cocaine, an effect also observed following the manipulation of CD81 expression in vivo using lentiviral vectors [184] .
Tspan-7/TM4SF2/TALLA-1 and other tetraspanins in the nervous system A translocation disrupting Tspan-7/TM4SF2 identified this gene as a potential cause of mental retardation [185] . To date, the cases of X-linked mental retardation linked to this tetraspanin remain extremely rare [186] . CD9 is expressed by oligodendrocytes, and in particular on myelin, although its absence does not modify oligodendrocyte production or myelination [187] . In the peripheral nervous system, CD9 is a myelin protein important for the formation of paranodal junctions and compact myelin [188] . The function of other tetraspanins expressed in the central nervous system, including Tspan-2, Tspan-3/OAP-1, Tspan-5 and Tspan-18/neurospanin remains to be determined [12, 15] .
Tetraspanins in cell migration and cancer
An abundance of data based on the effect of mAbs or transfection experiments suggests a role for tetraspanins in the regulation of metastasis (for reviews, see [12, 189, 190] ). Proposed mechanisms to explain this regulation are largely based on speculations from in vitro experiments using cancer cell lines. Their ability to regulate metastasis may be related to their ability to modulate migration and invasion in vitro, as well as to modulate growth factor signalling and integrin function, as detailed above. The ability of some to regulate proteolytic activities may also contribute towards this regulation (see above).
For the most part, tetraspanins do not appear to modulate primary tumour growth. However, the expression of Tspan-13/NET-6 in MDA-MB-231 cells was shown to inhibit the proliferation of tumour cells in vitro and tumour development in SCID (severe combined immunodeficient) mice [191] . Expression of CD9 in a colon cell line also led to a delay in the appearance of detectable tumour, while showing no modification of growth rate at later stages, suggesting its negative influence on initial 'grafting' [192] . Finally, silencing of CD151 in both ectopic and orthotopic xenograft models of breast cancer delays tumour formation [62] .
Among the tetraspanins, CD9 and CD82 are the most extensively studied in patients. Their expression is inversely correlated with metastasis formation and bad prognosis in a large number of cancers (for reviews, see [12, 189, 190] ). This decrease in CD82 expression may be the result of either transcriptional or post-transcriptional regulation (for a review, see [193] ). Modifications of expression levels of other tetraspanins in cancer and their clinical significance have been less well characterized. A high CD151 expression level is more frequently found in highgrade tumours and correlates with poorer prognosis in colon and prostate cancer. In addition, expression levels of Co-029 are higher in poorly differentiated hepatocarcinomas as well as hepatocarcinomas with intrahepatic spreading (for reviews, see [12, 189, 190] ).
The transfection of Co-029 in several cell types promotes metastasis, whereas that of CD9 or CD82 reduces its formation (for reviews, see [12, 189, 190, 193] ). Recent data suggest that expressing CD9 or CD82 through gene therapy may be a suitable approach to preventing the occurrence of metastasis. Indeed, the intratracheal administration of adenovirus encoding either CD9 or CD82 into lung-tumour-bearing mice reduced metastasis to the mediastinal lymph nodes [194] .
Metastasis is the result of a succession of events including tissue invasion (critically modulated by adhesion molecules), entry into the circulation, arrest in distant organs and establishment of colonies in these organs [195] . The expression of tetraspanins in cancer cells was shown in several studies to reduce colony formation in the lung following intravenous injection [196, 197] , suggesting that tetraspanins may regulate engraftment in distant organs. In this regard, the expression of CD9 in HT-1080 cells reduced lung retention a few hours after injection. This was proposed to be due to CD9 associating with aggrus/podoplanin, a mucin-type sialoglycoprotein and ligand for the platelet CLEC-2 (C-type lectin-like receptor-2), thereby reducing the ability of the transfected cells to trigger aggrus/podoplanin-mediated platelet aggregation [198] . In another example, the expression of CD82 in BL6 melanoma cells reduced metastasis (after intravenous or subcutaneous injection) in wild-type mice, but not mice in which the DARC gene had been deleted [39] . This may be due to the ability of DARC, which is mainly expressed by endothelial cells, to bind to CD82, thereby reducing tumour cell growth in vitro, possibly as a result of increased senescence.
Investigations into the involvement of CD9 in metastasis formation began following its identification as the target of a mAb with a strong inhibitory effect on cell migration [196] . Later studies then reported similar effects on cell migration following the modification of the expression of other tetraspanins. Indeed, the transfection of CD82 and CD9 inhibited cell migration in most, if not all, reports, whereas Co-029 and CD151 transfection enhanced migration in several studies [130, 131, 144, 154, 199, 200] . The positive influence of CD151 on cell migration is suggested further by the demonstration that CD151 −/− keratinocytes or endothelial cells, as well as CD151-silenced cells, display impaired migration on several substrates [60, 62, 63, 201] . Importantly, modifications of CD151 expression levels affect cell migration on extracellular matrix proteins that are not ligands of the major integrins known to associate directly with CD151 (α3β1, α6β1, α6β4) [60, 144] , suggesting that the mechanisms involved may not uniquely involve direct associations with these integrins. The ability of tetraspanins to modulate metastasis has always been linked to their effect on cell motility. Until recently, however, no direct evidence of a mechanism to support this had been reported. Zijlstra et al. [202] used quantitative in vivo assays and intravital imaging to assess the effect of an anti-metastatic anti-CD151 mAb on tumour cell migration in the chick embryo metastasis assay. In this assay, the anti-CD151 mAb had a strong inhibitory effect on metastasis, but did not inhibit tumour cell proliferation or the extravasation step. The mAb inhibited the invasion of the stroma surrounding the tumour by inhibiting detachment at the rear of the cells. The authors thus suggested that anti-cancer strategies aimed at modifying cell migration may be more efficient if the detachment step rather than the attachment step is blocked.
Tetraspanins in cell-cell fusion
The major defect observed in CD9 −/− mice is a severe reduction in female fertility [203] [204] [205] owing to a strongly reduced ability of CD9 −/− oocytes to fuse with sperm. Although less severe, CD81
−/− mice also display a fertility defect, and evidence exists for CD9 and CD81 playing a complementary role in the control of sperm-egg fusion [206] . CD9 is expressed on mouse oocyte microvilli, with wild-type forms displaying a variety of shapes including long and thin, whereas CD9-null microvilli are uniformly short and thick [207] . This altered morphology may explain why CD9 −/− oocytes are not fusion-competent. However, the fact that anti-CD9 mAbs, PSG17 and soluble CD9 and CD81 LED efficiently inhibit fertilization in vitro [33, 110, 203, 208, 209] suggests the contribution of other mechanisms. Interestingly, CD9 LED inhibited fusion when pre-incubated with eggs, but not with sperm, indicating that CD9 may function in cis, possibly by regulating the function of another oocyte surface protein [209] .
CD9 associates with CD9P-1/EWI-F, EWI-2 and integrin α6β1 on the egg plasma membrane [204, 207] . As such, CD9 regulates the mobility of α6β1 [210] , an integrin once thought to play a role in sperm-egg fusion as a receptor for the sperm protein ADAM2/fertilin β [211] . Interestingly, it was demonstrated that anti-CD9 mAb inhibited the binding of eggs to beads coated with the disintegrin domain of the sperm protein ADAM2/fertilin β [208, 212] , but not the binding of the soluble protein [212] . This suggests that, in the presence of the anti-CD9 mAb, the fertilin β-coated beads were less able to resist to detaching shear forces during washing steps, pointing again to a role for adhesion strengthening.
Tetraspanins have been shown to modulate the differentiation of cells undergoing a fusion process. In the course of skeletal muscle differentiation, mononucleated myoblasts fuse to form multinucleated myotubes [213] . The addition of anti-CD9 or anti-CD81 antibodies delays the conversion of murine myoblastic cells into elongated myotubes, whereas ectopic expression of CD9 increases the fusion of rhabdomyosarcoma cells [214] . Macrophages can differentiate and fuse to form two types of multinucleated cell, osteoclasts and giant cells, which are important for bone resorption and the immune response respectively [215] . Silencing of Tspan-13/NET-6 increases the formation of giant multinuclear osteoclast-like cells by RANKLtreated RAW264.7 cells, whereas silencing Tspan-5 and CD9 reduces it [216, 217] . CD9 −/− /CD81 −/− mice display greater numbers of osteoclasts with reduced bone-mineral density, as well as the spontaneous appearance of multinucleated giant cells in the lung [218] . In vitro, the fusion of macrophages lacking these two tetraspanins is enhanced. Thus CD9 and CD81 also play a complementary role in the fusion of macrophages, and negatively regulate this process. These findings indicate a role for these tetraspanins in regulating cell fusion rather than in directly mediating membrane mixing.
Tetraspanins in infectious diseases
The role of tetraspanins in cell-cell fusion events was first made evident by the demonstration that anti-CD81 and anti-CD82 mAbs block the formation of syncitium produced by HTLV-1 (human T-lymphotropic virus 1) [219] . Similarly, anti-CD9 mAbs were subsequently demonstrated to prevent syncitium formation and/or productive infection by feline immunodeficiency virus, a catspecific retrovirus, and canine distemper virus (for a review, see [220] ). The anti-CD9 mAb blocked cell-cell fusion and virus release, without interfering with early steps including virus entry. Anti-CD9 mAb was shown recently to induce the formation of 'microvilli zippers' at cell-cell contacts from which canine distemper virus proteins were excluded [221] . Thus antitetraspanin mAbs may affect viral infection by modifying some properties of the plasma membrane.
HIV incorporates several tetraspanins including CD9, Tspan-14, CD81 CD82, CD53 and CD63 [222, 223] . This is consistent with the fact that HIV buds in membrane domains that are enriched in several tetraspanins including CD9, CD81, CD53 and CD63 [13, 224] . Anti-CD63 mAbs have been shown to strongly inhibit CCR5-mediated HIV infection of macrophages [225] and CD63 silencing to reduce HIV production [226] . However, in another study, it was reported that almost complete silencing of CD63 did not impair the formation of HIV-1 particles in human macrophages [227] , suggesting a non-essential role for this tetraspanin. The enhancement of virus entry and syncytium formation by anti-CD9 and anti-CD81 mAbs provides further evidence for an indirect role of these tetraspanins in HIV infection [228] .
CD81 plays a highly specific role in the entry of two major human pathogens into hepatocytes: HCV (hepatitis C virus) and the malaria parasite Plasmodium. In contrast, CD9 does not play a role in these two infections. Since the discovery that CD81 can bind the HCV envelope protein E2 [229] , several studies have substantiated the essential role of this tetraspanin in HCV entry (for reviews, see [230, 231] ). The in vitro interaction of CD81 LED with recombinant E2 requires residues of the LED D region. Surprisingly, mutation of these residues does not abrogate the ability of CD81 molecules expressed in HepG2 cells to support HCV infection, suggesting that the interaction of CD81 with E2 may differ in a viral context from when using recombinant proteins [232] . The restricted tropism of HCV to CD81-expressing hepatocytic cells may be explained by the expression of other coreceptors, including the human scavenger receptor SR-BI and several tight junction proteins of the claudin family [230, 231] , or by the absence of inhibitory molecules. In this regard, the major CD81 partner EWI-2 is subjected to proteolytic cleavage in many cell types, although not hepatocytes, and transfection of this EWI-2 fragment into hepatocytic cells inhibits HCV infection to some extent [233] .
Within minutes of being bitten by an infected female mosquito, the malaria parasite Plasmodium (at sporozoite stage) enters the liver where it invades hepatocytes and undergoes one round of multiplication. This stage is a prerequisite to the blood stages of the life cycle which cause the malaria symptoms [234] . CD81 is the only hepatocyte surface protein known to play an essential role in infection by several Plasmodium species. CD81 −/− mice are refractory to infection by Plasmodium yoelii sporozoites (a rodent parasite) owing to the inability of this parasite to invade CD81 −/− hepatocytes [235] . The role of CD81 in the infection of human hepatocytes by Plasmodium falciparum, the deadliest human parasite, is supported by the almost complete blockade of infection in vitro by anti-CD81 mAbs, and reduced infection following CD81 silencing [85, 235] . On the basis of the knowledge that CD9 does not support Plasmodium infection, the determinants of CD81 required for infection by this virus were investigated using chimaeric CD9-CD81 molecules. In this way, the role of the B helix of CD81 LED and of the residues at the junction between the A and B helices were highlighted. Surprisingly, an anti-CD81 mAb requiring the residues of this junction for optimal binding was the only anti-CD81 mAb that did not inhibit infection [236] . The simplest explanation for this paradox is that this mAb is not able to bind to the fraction of CD81 molecules competent for infection, possibly because of the association of these molecules with another surface protein concealing the mAb epitope. This has been reported for an anti-CD151 mAb not recognizing the CD151 molecules interacting with integrins [55, 59] .
Cholesterol depletion has been shown to reduce the infection of target cells by HIV, HCV and Plasmodium sporozoites [85, [237] [238] [239] . Concerning HCV, this is likely to be due, at least in part, to a concomitant decrease in CD81 expression level [239] . However, the effect of cholesterol depletion on sporozoite infection was observed under conditions for which the treatment did not modify CD81 or CD9 expression levels. Whereas the treatment affects the entry of Plasmodium species requiring CD81 for infection, those infecting cells in a CD81-independent manner are unaffected [85] . This suggests that the effect of cholesterol depletion on Plasmodium infection is not the result of a general modification of properties of the plasma membrane, but is specifically linked to CD81 function. As we have seen above, this may be due to a change in the ability of CD81 to interact with other tetraspanins (including itself), possibly as a consequence of altered membrane dynamics [65, 85] .
CONCLUSIONS AND PERSPECTIVES
Several animal models, in mice or in invertebrates, as well as rare human diseases, have underlined the essential role played by some tetraspanins. However, gene deletions have revealed organ-restricted defects or minor phenotypic changes despite wide tissue expression. This could be due to the functional redundancy of certain tetraspanins. To investigate this further, more animal models will need to be generated and appropriate crossings made.
The field of tetraspanin research is marked by a wealth of reported molecular associations on the one hand and a poor understanding of how these interactions may support tetraspanin function on the other. Experimental data show that tetraspanins may affect trafficking, ligand binding or downstream signalling of associated molecules, but determining how they induce these changes remains a challenge. We propose that these functional effects are the consequence of a change in the ability of tetraspanins to regulate the assembly of membrane structures.
The molecular analysis of complexes containing tetraspanins has revealed preferential tetraspanin-partner interactions. However, some tetraspanins appear to have no partner, and further studies are needed to determine whether this is due to technical limits for their detection or to different functions fulfilled by these tetraspanins inside the tetraspanin web.
The recent use of advanced imaging techniques has provided the first clues to understanding the molecular dynamics within the tetraspanin web. We now know that interactions can occur both inside and outside tetraspanin-enriched structures, with rapid exchanges between the different compartments. These techniques should now lead to the further characterization of the plasticity of the tetraspanin web in both physiological and pathological conditions and help establish the relationship between molecular interactions and functional properties of tetraspanins.
